Introduction
============

It is anticipated that higher spatial and temporal sampling of the oceans provided by deployment of a combination of *in situ* sensors and autonomous sample collectors will greatly improve our understanding of marine processes. This is likely to be particularly true for coupled microbiological and chemical processes that scale from genomic potential to global biogeochemical impacts on virtually all biologically utilized elements (Morel and Price, [@B16]; Falkowski et al., [@B7]; Saito et al., [@B26]). Multiple large scale programs are underway that aim to incorporate microbiological and/or biogeochemical observations in high temporal or spatial resolution, including the Ocean Observatories Initiative (OOI[^1^](#fn1){ref-type="fn"}) and the GEOTRACES trace element and isotope global survey section program[^2^](#fn2){ref-type="fn"}. The development of autonomous samplers and their deployment on moorings and underwater vehicles offers these increases in sampling resolution over the duration of deployment (Bell et al., [@B3]; Greenfield et al., [@B9]; Paul et al., [@B22]; Breier et al., [@B6]; Scholin et al., [@B28]). In addition, autonomous sample collection may be valuable during ocean section survey cruises, where the ship's wire-time for sampling equipment is the limiting operational resource, and introduction of autonomous sampling systems could greatly increase biological and biochemical sample collection capabilities. Yet a major concern with automated sample collection is the potential for sample degradation during storage until instrument recovery and analysis. Standard laboratory and field sampling approaches for DNA, RNA, and protein storage involve filtration to concentrate biomass and immediate freezing in liquid nitrogen. While use of preservatives can be incorporated into current sampling platforms being developed, freezing *in situ* is likely beyond the power, space, and design criteria that are desirable for environmental microbial samplers. The ability of preservatives that maintain sample integrity without freezing over both the long durations associated with mooring or vehicle deployments, or the short-term station-time during survey cruises is an important design criterion. While preservation of RNA molecules has recently been successfully demonstrated on the Environmental Sample Processor (an autonomous sampler and analyzer) deployed in a coastal environment for laboratory-based metatranscriptomic analysis (Ottesen et al., [@B19]), marine protein preservation has been much less studied in this context.

Marine proteomics is a relatively new technique that has significant potential to contribute to the understanding of microbial biogeochemistry. Four potential applications include: (1) the direct quantitative measurement of enzymes responsible for the catalysis of biogeochemical reactions and their incorporation of this data within global ecosystem--circulation models (Saito et al., [@B25]), (2) the measurement of transporters and biomarkers for assessment of nutrient limitation status of key phytoplankton and bacterial communities, (3) the characterization of the community diversity and functional gene expression, and (4) the use of proteomic mass spectral data to assist in genome annotation, an application known as proteogenomics (Ansong et al., [@B1]). Mass spectrometry-based proteomics methods have recently been applied to important marine microbes such as the cyanobacteria *Crocosphaera watsonii* and *Synechococcus*, and the heterotrophic bacterium *Pelagibacter ubique* (Gonzales et al., [@B8]; Barrios-Llerena et al., [@B2]; Sowell et al., [@B29]; Saito et al., [@B25]). In addition, community proteome analyses have begun to be applied to the natural environments such as acid-mine drainage microbial communities, and open-ocean, and coastal marine water columns environments (Ram et al., [@B24]; Sowell et al., [@B30]; VerBerkmoes et al., [@B31]; Morris et al., [@B17]). One important emerging capability of proteomics is the ability for absolute quantification of target proteins (Wolf-Yadlin et al., [@B33]; Lange et al., [@B12]). Using isotopically labeled peptide standards, it is now possible to measure very low quantities of proteins on an absolute scale. This has significant potential for application to oceanographic biogeochemical studies where concentrations of key biogeochemical enzymes can be quantified and using their measured ranges of activities from laboratory studies, estimates of potential *in situ* biogeochemical reaction rates could then be calculated for environmental samples (Bertrand et al., [@B4]; Saito et al., [@B25]). Critical to the development of this capability is confidence in protein sample collection and preservation.

In this study we examined the influence of a suite of preservatives on protein integrity, as observed by total protein recovery, 1-dimensional (1-D) SDS polyacrylamide gel qualitative comparisons, and mass spectrometry-based protein identifications and relative abundances. A culture of marine cyanobacterium *Synechococcus* WH8102 was used for model proteinaceous material because of the ubiquity and abundance of this and other marine cyanobacteria in the oceans (Waterbury et al., [@B32]; Partensky et al., [@B21]; Saito et al., [@B27]).

Materials and Methods
=====================

Culturing
---------

One liter of marine *Synechococcus* WH8102 culture was grown in SN media at 23°C to a final cell yield of 1.9 × 10^7^ cells mL^−1^, as determined by epifluorescence microscopy. Six 150 mL aliquots were filtered onto 25 mm 0.22 μm Durapore membrane (hydrophilic polyvinylidene fluoride, Millipore) filters by gentle vacuum filtration. A control filter was frozen immediately without a preservative solution at −80°C, while five preservative solutions, RNA*later* (Ambion Inc.), trichloroacetic acid (TCA), ethanol with 5 mM ethylenediamine tetraacetic acid (EDTA; preservative described as ethanol hereon), B-PER bacterial extraction reagent (Thermo-Pierce Inc.), and an SDS-based extraction buffer were applied to the remaining filters with specific recipes listed in Table [1](#T1){ref-type="table"}. While the specific recipe of the commercial reagents is not published, RNA*later* contains a metal chelator and high salt content, while B-PER contains a mild non-ionic detergent in 20 mM Tris HCl, pH 7.5[^3^](#fn3){ref-type="fn"}. The filters were folded twice with the biomass facing inward, completely covered in each preservative solution in 1.5 mL microcentrifuge tubes, and incubated for 4 weeks in darkness at room temperature (∼20°C).

###### 

**Preservation conditions and reagent composition**.

  Treatment                    Conditions
  ---------------------------- --------------------------------------------------------------------------------------------------------------------------------------
  Control                      No additions; filter stored frozen dry at −80°C
  RNA*later*                   0.5 mL of RNA*later* (Ambion Inc.)
  Trichloroacetic acid (TCA)   0.5 mL of 13% TCA in water
  Ethanol                      0.5 mL of 90% Reagent alcohol (Fisher) in water containing 1 mM EDTA.
  SDS-extraction buffer        0.5 mL of reagent containing 0.1 M Tris/HCl, pH = 7.5, 1% SDS, 10 mM EDTA, 5% glycerol, incubated at 95°C for 10 min before storage.
  B-PER extraction reagent     0.5 mL of B-PER reagent (Thermo-Pierce Inc.) containing 5 mM EDTA

Extraction
----------

Proteins were extracted from the sample filters with some tailoring of protocols to remove incompatible reagents such as solvents and salts found in the preservatives. The protocols share a detergent-based extraction and solubilization procedure with either an SDS-extraction buffer (0.1 M Tris/HCL pH 7.5, 5% glycerol, 10 mM EDTA, and 1% SDS detergent with heating at 95°C for 15 min) or the detergent already present within the preservative (B-PER), followed by centrifugation and protein precipitation with 50:50 acetone/methanol in the supernatant (with a 4:1 ratio of the acetone/methanol solution to the supernatant). Specific protocols are described by preservative type below through the acetone/methanol precipitation step, after which point all sample processing followed the same protocol.

The control sample was stored at −80°C for the 4 weeks, then resuspended in 0.5 mL of the SDS-extraction buffer, mixed well with a spatula on ice and left for 10 min on ice. The sample was then heated at 95°C for 15 min, incubated for 1 h at room temperature (RT hereon) with 350 rpm mixing using a benchtop Thermomixer (Eppendorf), vortexed, the supernatant removed from the filter and centrifuged at 14,000 × *g* for 20 min. The supernatant was passed through a 5 μm filter needle (Becton Dickinson Inc., filter needle hereon), and precipitated with cold 50:50 acetone/methanol solution at −20°C overnight.

In the ethanol--EDTA preserved sample, the ethanol was first evaporated by speed vacuum until dry. SDS-extraction buffer was added and allowed to incubate for 10 min prior to 15 min incubation at 95°C, and 1 h at RT with 350 rpm mixing. The sample was gently vortexed, the supernatant removed from the filter, centrifuged for 5 min at 14,000 × *g*, and precipitated with a 50:50 acetone/methanol solution overnight at −20°C.

The TCA preserved sample was gently mixed with a spatula, the filter pressed to the bottom of the vial and centrifuged for 30 min at 14,000 × *g*. The supernatant was removed and 1.4 mL of ice-cold 100% ethanol was added to the filter/pellet, mixed, and incubated for 3 h at −20°C, centrifuged for 30 min at 14,000 × *g* at 4°C, after which the supernatant was carefully removed. Another 1.4 mL of ethanol was added and incubated overnight at −20°C, followed by centrifugation for 30 min at 4°C, removal of 1 mL of ethanol, and concentration by speed vacuum on low heat setting until the remaining ethanol evaporated. 0.5 mL of SDS-extraction buffer was added to the filter/pellet and incubated with the sample for 10 min at RT, followed by 15 min at 95°C. After cooling, the sample was incubated for 1 h at room temperature. The sample was then separated from the filter by decanting with a filter needle syringe, and pH adjusted with 0.4 M Tris/HCl (pH 7.8) to a final pH of ∼7.5. The sample was then acetone/methanol precipitated overnight at −20°C.

The SDS-extraction buffer sample was incubated at 95°C for 10 min prior to the month-long incubation treatment, similar to an approach that might be used during *in situ* sample collection on the Environmental Sample Processor device, which is capable of *in situ* lysis (Greenfield et al., [@B9]). After storage, the sample was mixed, separated from the filter, and centrifuged for 20 min at 14,000 × *g* at RT. Supernatants were passed through a filter needle, split into two aliquots and precipitated with a 50:50 acetone/methanol solution, and incubated overnight at −20°C.

After the 4 weeks of storage, the B-PER preserved sample was mixed then centrifuged for 20 min at 14,000 × *g* at RT. Supernatants were collected with a filter needle syringe, split into two aliquots and precipitated with four volumes of a 50:50 acetone/methanol solution, and incubated overnight at −20°C.

The RNA*later* sample was extracted by adding two volumes (1 mL) of the SDS-extraction buffer and mixing for 10 min at 350 rpm at RT. The sample was then heated to 95°C for 15 min, cooled, and mixed at 350 rpm for 1 h at room temperature. Three milliliters of Tris--EDTA buffer (100 mM Tris--HCl, 10 mM EDTA, pH 7.5, TE buffer hereon) were added for a total volume of 4.5 mL. The sample was mixed and passed through a filter needle. The syringe and sample filter were rinsed with an additional 0.5 mL of TE buffer to remove remaining sample from the filter (final volume ∼5 mL). A 5 kDa MWCO centrifuge concentrator (VivaSpin 6, Sartorius Stedim Inc.) was used to concentrate the sample at 6,000 × *g* for 2 h, to a final volume of 0.6 mL. The sample was acetone/methanol precipitated overnight at −20°C, resulting in a relatively large pellet due to salt carryover from the RNA*later*. The sample was centrifuged at 14,000 × *g* at 4°C for 30 min, aspirated, and concentrated by speed vacuum for 10 min. To remove excess salt from the RNA*later* preservative the following additional dilution and concentration steps were conducted: 1 mL of extraction buffer was added, and the sample was sonicated for 30 s using a microtip on constant setting (Branson Inc.). Four milliliters of extraction buffer were added and mixed by vortex, and the sample was concentrated by 5 kDa MWCO centrifuge concentrators at 6,000 × *g* at RT. Another 4 mL of extraction buffer was added and the sample concentrated again as described above to a volume of ∼0.6 mL, followed by acetone/methanol precipitation overnight at −20°C. The resulting precipitation was free of the excess salt observed earlier.

Using the samples extracts described for the control and each preservative described above, all acetone/methanol precipitated samples were centrifuged at 14,000 × *g* for 30 min at 4°C. Samples were aspirated and evaporated for 10 min by speed vacuum, and resuspended in SDS-extraction buffer. Samples were incubated with the buffer at room temperature for 30 min without mixing, followed by resuspension by pipetting.

Total protein was measured by DC-assay (BioRad) using bovine serum albumin for calibration as a protein standard (linear regression *r*^2^ value of 0.994) and diluting the sample 1:5 into SDS-extraction buffer, with Milli-Q water used as a blank solution. Each sample was analyzed in quadruplicate, and error bars represent the SD of the quadruplicate technical replicates. A 1-D SDS detergent polyacrylamide electrophoresis gel (SDS-PAGE) with a 4--20% gradient (BioRad) was loaded with 60 μg of protein loaded per well and a protein standard ladder (10--220kDa range Benchmark, Invitrogen Inc.).

Samples were suspended within a small tube gel for alkylation, reduction, trypsin digestion, and detergent removal. A total of 115 μg of the protein extracted prior was suspended within each tube gel prepared in microcentrifuge tube, as described by Lu et al. (Lu and Zhu, [@B13]) with some minor modifications. Briefly, samples were immobilized in 15% acrylamide in pH 7.5 Tris buffer, incubated twice with 10% acetic acid and 50% ethanol for 20 min and 1 h, then with 10% acetic acid and 50% methanol for 2 h at room temperature and mixing at 350 rpm, decanting between. Gel samples were cut into ∼1 mm^3^ pieces and incubated with 50% acetonitrile 50% 25 mM ammonium bicarbonate solution (pH 8.0) for 1 h and again overnight, shaking at 350 rpm at 16°C and decanting between. Proteins immobilized within the gel were reduced with 10 mM dithiothreitol (DTT) at 56°C for 1 h, decanted, and alkylated with 30 mM iodoacetamide for 1 h at room temperature in the dark, washed in 25 mM ammonium bicarbonate for 20 min, dehydrated twice with 100% acetonitrile for 10 min, and dried for 20 min by speed vacuum. Gel pieces were rehydrated and digested with trypsin in 25 mM ammonium bicarbonate for 16 h at 37°C (1:30 ratio trypsin to total protein, Promega Gold Mass Spectrometry Grade, Promega Inc., Madison, WI, USA). The peptides were extracted by three successive additions of 50% acetonitrile (Fisher Optima) with 5% formic acid (Michrom Biosciences, Ultra Pure). The extracted peptides were combined and concentrated by speed vacuum to less than 5 μL, diluted with 2% acetonitrile and 0.1% formic acid in water (Fisher Optima), sonicated for 10 min in a sonicator bath, and stored at −80°C until analysis.

Proteomic analysis by LC--MS
----------------------------

Each sample was analyzed in technical duplicate using a Thermo LTQ mass spectrometer (Thermo Scientific Inc., San Jose, CA, USA), an advance electrospray source (Michrom Inc.), and a Michrom Paradigm MS4 HPLC (Michrom Inc.). The HPLC was outfitted with a C18 Cap Trap in-line for additional salt removal with a reversed phase Magic C18 AQ column (0.2 mm × 150 mm, 3 μm particle size, 200 Å pore size, Michrom Inc. Auburn, CA, USA). The chromatography consisted of a hyperbolic gradient from 5% buffer A to 95% buffer B for 300 min, where A was 0.1% formic acid (Michrom, Ultra Pure) in LC--MS grade water (Fisher Optima) and B was 0.1% formic acid in acetonitrile (Fisher Optima) at a flow rate of 2 μL min^−1^. Four micrograms of total protein was diluted into buffer A for each LC--MS/MS injection. The mass spectrometer was set to perform MS/MS on the top seven ions using data-dependent settings and a dynamic exclusion window of 30 s. Ions were monitored over the range of 400--2000 m/z.

Proteomic data analysis
-----------------------

Mass spectra were searched with SEQUEST in Bioworks 3.3 (Thermo Inc.) for protein identifications using a forward database and reverse database of the genome of *Synechococcus* WH8102 (Palenik et al., [@B20]). SEQUEST parameters were set at 30% ions required per peptide, ΔCN of 0.1, Xcorr versus CS 1.9, 2.4, 2.9, and 1e-3 protein probability. Database search results were further processed using the PeptideProphet statistical model (Keller et al., [@B11]) within Scaffold 3.0 (Proteome Software Inc., Portland OR) operating on a 64 bit Ubuntu Linux workstation, using a 99.9% protein probability, and 95% peptide probability, resulting in a peptide false discovery rate (FDR) of 0.6% (Peng et al., [@B23]). Five hundred twenty proteins were identified in this study accounting for 20% of the 2,528 protein coding genes within the genome (of 2,588 total genes[^4^](#fn4){ref-type="fn"}). A significantly higher numbers of protein identifications were acquired for this cyanobacterium using multi-dimensional chromatography and will be combined with a biological and biochemical interpretation elsewhere (Saito et al., in preparation). For the purposes of this degradation study, highly robust, and repeatable protein identification numbers and spectral counts (SpC) were found with 1-D chromatography (Saito et al., [@B25]), and hence this approach was more useful for our immediate the needs of this study than the deeper proteome depth allowed by multi-dimensional chromatography (strong cation exchange/reverse phase), which we have found can be more variable in both number of protein identifications and spectral counts for technical replicates. Relative protein abundances were calculated using spectral counting, where counts were normalized across samples in each experiment (including technical replicates), to allow comparison of relative protein abundance across all preservative treatments.

Results and Discussion
======================

Five preservative solutions were applied to storage of replicate filters of marine *Synechococcus* strain WH8102 as described in Table [1](#T1){ref-type="table"}. The survival of proteins after 1 month at room temperature in darkness was highly dependent on the type of preservative used. Four techniques were used to examine protein recovery after extraction: total protein concentration, a qualitative examination of band integrity on 1-D-SDS-PAGE gel, total number of proteins identified by LC--MS, and ratios of relative abundance of each individual protein between each preservative and the control as determined by spectral counting.

Total protein recoveries
------------------------

Total protein recovery was quite variable between preservation approaches (Figure [1](#F1){ref-type="fig"}), with the highest recovery observed in the immediately frozen control, followed by the SDS-extraction sample, ethanol, RNA*later*, TCA, B-PER. However, total protein recovery is likely not the most useful metric of protein preservation because losses were likely due to sample processing recovery rather than actual degradation during storage. In particular, each preservative had differing compatibility with downstream extraction protocols, and additional handling steps could result in additional losses of total protein. While these processing losses would be important when trying to measure absolute abundances of proteins, they likely can be easily accounted for by addition of internal standards such as isotopically labeled or exogenous proteins. In the future, extraction protocols could also be optimized to minimize losses and increase throughput.

![**Total protein recovery as measured by the DC-assay on extracted filters**. Control refers to the immediately frozen control and preservative details are listed in Table [1](#T1){ref-type="table"}. Error bars correspond to quadruplicate technical replicates.](fmicb-02-00215-g001){#F1}

Protein integrity by SDS-PAGE
-----------------------------

The 1-D-SDS-PAGE gel provided qualitative information about sample integrity (Figure [2](#F2){ref-type="fig"}). Despite loading equivalent total protein in each gel lane, there was variability in the intensity of protein bands across the lanes. On a qualitative level, all samples with the exception of the TCA sample, had distinct protein bands suggesting good overall protein integrity by this assay. The TCA sample showed a broad smear across the entire lane, indicative of significant protein hydrolysis and degradation. With the total protein concentration measurements observed to be relatively precise (see error bars in Figure [1](#F1){ref-type="fig"}), the likely explanation for the difference in band intensity between lanes is protein degradation. This is evident in the B-PER lane, where this preservative was observed to have the smallest number of protein identifications (Figure [3](#F3){ref-type="fig"}, see [Protein Identifications by LC--MS](#s2){ref-type="sec"}), and this preservative also showed a large enrichment in some of the most abundant proteins (phycoerythrin, swmA, and a porin; see Table [2](#T2){ref-type="table"} and see [Relative Protein Abundances by LC--MS](#s1){ref-type="sec"}), both of which are consistent with the loss of the minor proteins relative to the major protein bands in the gel image.

###### 

**Changes in relative abundance of 50 most abundant proteins during preservation (linear scale)**.

  Accession \#   Protein annotation                                         Ratio relative to control (SpC:SpC)                 
  -------------- ---------------------------------------------------------- ------------------------------------- ------ ------ ------
  NP_89S099      C-phycoerythrin class II beta chain                        0.97                                  0.91   1.45   1.06
  NP_898100      C-phycoerythrin class II alpha chain                       1.19                                  0.72   1.78   0.75
  NP_898315      Possible porin                                             1.26                                  1.76   2.25   1.46
  NP_898316      Possible porin                                             1.04                                  1.38   1.63   0.56
  NP_897111      ABC transporter, substrate binding protein, phosphate      1.24                                  121    1.74   1.59
  NP_896180      SwmA-cell surface protein required for swimming motility   0.53                                  3.18   2.86   2.45
  NP_898113      R-phycocyanin II beta chain                                1.23                                  118    0.88   1.07
  NP_896609      Chaperonin GroEL                                           1.23                                  0.88   0.05   1.67
  NP_898480      Putative alkaline phosphatase                              0.37                                  1.39   0.39   1.41
  NP_898219      Possible porin                                             1.10                                  1.24   1.66   0.18
  NP_896579      Allophycocyanin beta chain                                 1.03                                  0.85   0.27   0.87
  NP_898108      C-phycoerythrin class 1 beta chain                         0.92                                  0.83   0.82   3.06
  NP_898107      C-phycoerythrin class 1 alpha chain                        1.29                                  0.67   1.26   2.26
  NP_898531      Putative urea transporter                                  1.24                                  2.16   1.44   0.92
  NP_898229      Elongation factor Tu                                       0.86                                  0.57   0.05   1.24
  NP_898091      Phycobilisome linker polypeptide                           0.89                                  0.55   0.21   1.84
  NP_898114      R-phycocyanin II alpha chain                               1.15                                  1.21   0.67   3.52
  NP_896501      Hypothetical protein SYNW0406                              0.37                                  1.94   3.24   2.91
  NP_898228      Elongation factor EF-2                                     0.91                                  0.40   0.01   0.50
  NP_897166      Glutamine synthetase, glutamate -- ammonia ligase          1.03                                  152    2.08   1.43
  NP_896607      ATP synthase subunit B                                     1.00                                  0.80   0.39   0.55
  NP_897888      Putative iron ABC transporter, substrate binding           1.26                                  154    0.58   1.07
  NP_896581      Anchor polypeptide LCM                                     0.93                                  0.29   0.01   0.56
  NP_897988      Polyribonucleotide nucleotidyltransferase                  0.93                                  0.36   0.03   0.64
  NP_897945      60 kDa chaperonin 2, GroEL homolog 2                       1.07                                  0.81   0.02   0.88
  NP_896589      ATP synthase subunit A                                     1.00                                  0.71   0.15   0.97
  NP_897809      Methionine sulfoxide reductase A                           1.01                                  0 18   0.00   0.83
  NP_896125      Glyceraldehyde 3-phosphate dehydrogenase (NADP+)           1.10                                  0.97   0.00   2.75
  NP_898418      Phosphoglycerate kinase                                    0.84                                  0 55   0.16   1.03
  NP_896766      O-acetylserine (thiol)-lyase A                             0.85                                  0.57   0.14   0.97
  NP_898597      Molecular chaperone DnaK                                   0.93                                  0.60   0.17   0.74
  NP_896708      DNA-directed RNA polymerase beta′ subunit                  1.03                                  044    0.08   0.32
  NP_896236      Transketolase                                              0.80                                  0 51   0.35   1.36
  NP_896580      Allophycocyanin alpha chain                                1.22                                  114    1.14   1.45
  NP_897306      Thioredoxin peroxidase                                     0.82                                  0.90   2.43   0.96
  NP_898101      C-phycoerythrin class II gamma chain, linker polypeptide   1.10                                  0.49   0.09   2.71
  NP_898458      Rubrerythrin                                               1.04                                  1.15   1.21   2.80
  NP_896706      DNA-directed RNA polymerase beta subunit                   0.64                                  0.48   0.09   0.37
  NP_898080      Possible phycobilisome linker polypeptide                  1.08                                  0.79   1.40   2.28
  NP_897611      Hypothetical protein SYNW1518                              2.15                                  101    0.37   1.39
  NP_896409      Phycobilisome rod-core linker polypeptide cpcG             1.08                                  1.39   0.00   0.81
  NP_898278      Putative RND family outer membrane efflux protein          0.94                                  148    2.10   0.91
  NP_898090      Phycobilisome linker polypeptide                           1.07                                  1.01   0.03   1.43
  NP_898209      Putative photosystem 1 reaction center subunit XI          0.78                                  0.30   0.00   0.40
  NP_896844      Ferredoxin-NADP reductase (FNR)                            1.07                                  0.92   2.52   1.53
  NP_896398      Photosystem II manganese-stabilizing polypeptide           0.97                                  1.22   0.20   1.47
  NP_896769      Photosystem II chlorophyll-binding protein CP43            0.79                                  0.29   0.03   0.55
  NP_898073      Photosystem II chlorophyll-binding protein CP47            0.68                                  0.35   0.00   0.13
  NP_898214      Photosystem 1 P700 chlorophyll a apoprotein subunit        1.15                                  0.52   3.60   0.59
  NP_896251      Phosphorylase                                              1.33                                  0.19   1.51   0.29
                                                                                                                                
                 Average                                                    1.01                                  0.93   0.87   1.27
                 SD                                                         0.27                                  0.56   0.97   0.81

![**A 1-D SDS-PAGE gel of the control and preservation samples**. The gel was a 4--20% gradient with 60 μg of protein loaded in each sample lane. Standards refers to the 10--220 kDa protein ladder, with intense 50 and 30 kDa bands.](fmicb-02-00215-g002){#F2}

![**Comparison of number of protein identifications acquired from the control and four preservation techniques**. Each sample was analyzed twice by LC--MS and the values reflect the average and SD, normalized to the control treatment (504 ± 4 protein identifications in each technical replicate of the control sample, the control = 100%).](fmicb-02-00215-g003){#F3}

Protein identifications by LC--MS {#s2}
---------------------------------

The mass spectrometry-based proteomic analyses provided the most realistic assessment of sample preservation success (Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}), since they replicated the desired proteomic analyses from field samples. Technical replicate LC--MS injections were conducted for the control and each preservation sample, with the exception of the degraded TCA sample. Interestingly, the largest number of proteins identified was from the RNA*later* preserved sample, yielding approximately 103% of the proteins relative to those identified in the control (Figure [3](#F3){ref-type="fig"}, frozen immediately without buffer/preservative; 520 ± 31 in RNA*later* versus 504 ± 4 in the control). This surprising result implies that this preservative is as good as or perhaps more successful than freezing dry, despite storage at room temperature. This approach of using a salt/metal chelator preservative has been successfully applied to freezing of marine cyanobacterium for transcriptomic analysis (Zinser et al., [@B34]). Our findings suggest that freezing after preserving with RNA*later* would be an optimal laboratory preservation technique in culture experiments of marine cyanobacterium as well, although the increased desalting effort required makes this preservative more labor intensive to work with. Other preservatives yielded fewer identifications: with ethanol yielding 369 protein identification (73 ± 8% of the control) and B-PER and SDS-Extraction buffer both yielding 201 unique protein identification (40 ± 3% and 40 ± 0.3%, respectively), suggesting that despite the clear bands seen in the 1-D gel (Figure [1](#F1){ref-type="fig"}), degradation is nonetheless likely occurring in those samples among the less abundant proteins.

Relative protein abundances by LC--MS {#s1}
-------------------------------------

Comparison of the relative abundances of specific proteins allows an assessment of the extent of protein degradation on specific abundant and moderately abundant proteins. For this approach we employed spectral counting that involves a normalized count of all mass spectra associated with the peptides that correspond to each protein. For this study data was collected from the 1-D LC--MS/MS global proteome used for protein identifications described above. This 1-D approach has the advantage of minimizing variability and maximizing precision of replicate analyses to allow quantitative comparisons between preservation treatments. To demonstrate the precision of this approach, Figure [4](#F4){ref-type="fig"}A shows technical replicate injections for all five samples, with replicates on opposing axes. Coherence to the 1:1 line for each protein using the normalized spectral counting approach demonstrates reproducibility in this measurement. While spectral counts have been weighted within each injection and across all samples, if the overall number of peptide-associated spectra is varying due to degradation, some overall systematic shift in protein abundance may be observed. Also to demonstrate reproducibility of this approach, SDs of technical duplicate spectral counts are shown with the corresponding mean spectral counts for each of the 200 most abundant proteins (Figure [4](#F4){ref-type="fig"}B), where the relative SD is less than 26% for the top 100 proteins.

![**(A)** Comparison of technical replicate injections of each of the four preservative samples and the control. Precision of the more abundant proteins using this 1-D LC/MS spectral counting relative quantitation approach was evident in the coherence with the 1:1 line. This reproducibility of protein spectral counts scores enabled the comparison of relative abundances of individual proteins with different preservation techniques used in Figure [5](#F5){ref-type="fig"}. **(B)** Average and SD of the technical duplicate normalized spectral counts from the control sample. Relative SD is 26% or less for the 100 highest abundance proteins, as determined by spectral counts. This error is smaller than the several fold variation observed in degradation studies shown in Figure [5](#F5){ref-type="fig"}.](fmicb-02-00215-g004){#F4}

We observed significant degradation of individual proteins, as measured by losses in normalized spectral counts, in the ethanol, B-PER, and the SDS-extraction buffer samples relative to the control. In contrast, the RNA*later* preservative largely displayed little to no sign of degradation relative to the control. These results are visualized in Figure [5](#F5){ref-type="fig"} as the Log~2~ ratios of relative abundance of proteins (where each point represents the average of the technical duplicates for a specific protein's spectral counts) in each of four preservatives (RNA*later*, ethanol, B-PER, and SDS-extraction buffer) normalized relative to the control treatment (also the average of technical duplicates). The proteins are presented in order of the highest number of normalized spectral counts in the control treatment (e.g., from the left side of *x*-axis), which should generally coincide with the most abundant proteins, with the caveat that spectral counting tends to compress the dynamic range of protein abundances. Log~2~ ratios close to zero (blank horizontal lines) reflect similar normalized spectral count scores for each protein between that preservative and the control, while deviation below the line indicates lower abundance in the preserved sample than the control presumably due to degradation. The RNA*later* treatment (A) showed the least scatter around the zerofold change line indicating little degradation relative to the control. Most preservatives also showed a higher relative abundance of rarer proteins relative to the control (far right), although this interpretation is tentative since the relative error is larger at low spectral counts (Figure [4](#F4){ref-type="fig"}B). However, for the RNA*later* sample this interpretation is consistent with the slightly higher number of protein identifications with RNA*later* in Figure [3](#F3){ref-type="fig"}. The ethanol (B) and SDS-extraction buffer (D) preservatives showed good recovery of the most abundant proteins, but significant degradation of the remaining proteins, as well as large scatter around the zerofold change line. The B-PER treatment (C) showed degradation throughout including the most abundant proteins, but also had the largest scatter around the zerofold line of all the treatments.

![**Log~2~ ratios of individual protein relative abundances (average of technical duplicates) identified in each of four preservatives (RNA*later*, ethanol, B-PER, and SDS-extraction buffer) relative to the control treatment (average of technical duplicates)**. The proteins are ordered on the horizontal axis from those with the highest number of normalized spectral counts (SpC). Log~2~ ratios close to zero (horizontal lines) reflect similar normalized spectral count scores for each protein between that preservative and the control, while deviation below the line indicates lower abundance in the preserved sample than the control due to degradation. Normalization and weighting of spectral counts results involves normalizing to the total number of spectra within each sample, and weighting across samples (including replicates). The RNA*later* treatment **(A)** showed the least degradation relative to the control, and perhaps even shows a higher relative abundance of rarer proteins in the RNA*later* sample (far right). Ethanol **(B)** and SDS-extraction buffer **(D)** showed good recovery of the most abundant proteins, but degradation of many of the less abundant ones. The B-PER treatment **(C)** showed degradation throughout including the most abundant proteins. The upward-sloping line of data points in the bottom of **(B--D)** were caused by a combination of the abundance ordering on the horizontal axes and the low spectral counts of degraded proteins in the preserved treatment.](fmicb-02-00215-g005){#F5}

The influence of degradation on the 50 most abundant proteins (as determined by overall normalized spectral count scores) was compared quantitatively in Table [2](#T2){ref-type="table"}. The average spectral count value for RNA*later* preservative relative to the control was 1.01 + 0.27 (error reflects the SD), while the other three preservative treatments' averages were farther from unity and had larger SD. The alkaline phosphatase enzyme, a protein of biogeochemical importance, was one of the few highly abundant proteins to show significant variability between the RNAlater and the control methods. This enzyme had low recovery in both RNA*later* and B-PER relative to the control treatment (Table [2](#T2){ref-type="table"}). Studies on *E. coli* alkaline phosphatase have found that this enzyme resides in the periplasm and can be released from unlysed cells by treatment with high concentrations of EDTA (Malamy and Horecker, [@B14]). It seems likely that a similar localization of alkaline phosphatase is occurring in *Synechococcus* WH8102. This result suggests that care should be taken in the choice of preservation methods used for cells intended for quantitative periplasm and membrane proteomic analyses.

Coloration of extracted material
--------------------------------

The samples showed distinct coloration prior to acetone/methanol precipitation, indicative of differential extraction of chlorophyll and phycourobilin--phycoeryrthrin light harvesting molecules (Ong and Glazer, [@B18]; Blot et al., [@B5]). The TCA sample was slightly blue/green, ethanol was yellow/green, the B-PER sample was pink, the SDS-extraction buffer was yellow/green, RNA*later* was yellow/brown, and the control was the most intense yellow/green. The pink color of the B-PER sample suggests that the phycourobilin--phycoerythrin complexes were particularly well extracted during the month-long incubation in its mixture of detergents. This is consistent with the high spectral count scores of some phycoerythrin proteins, in particular, the alpha and beta class II proteins are the two most abundant proteins detected in all samples and were most enriched in the B-PER treatment (Figure [4](#F4){ref-type="fig"}; Table [2](#T2){ref-type="table"}).

Distinctions between total protein recovery and proteome composition
--------------------------------------------------------------------

Only one sample was used for each preservative, due to the expense and effort in conducting this preservative survey study with replication on six treatments. While we observed variability associated with the individual protein extractions that caused the *total protein recovery* results to diverge, we have little reason to think the protein extractions used here changed the *proteome* *composition* and hence the preservation results observed here. In other words, each extraction may have varying amounts of total protein recovery due to handling effects, but these influences should not alter the proteome composition that the mass spectrometry methodology is capable of characterizing. The main reason for this is that the protein extraction methods in this study all used a detergent-based extraction (SDS or B-PER) that solubilize proteins efficiently. For example, the ethanol, TCA, SDS, and RNA*later* preserved samples all used an SDS-extraction protocol to solubilize and extract proteins, but the RNA*later* treatment was far more effective in the number of protein identifications (Figure [3](#F3){ref-type="fig"}) and relative abundance of individual proteins compared to the immediately frozen control (Figure [5](#F5){ref-type="fig"}; Table [2](#T2){ref-type="table"}). We have also previously observed that protein extractions produce consistent proteome composition with biological duplicates and during a diel cycle on a marine cyanobacterium (in relative and absolute abundance of individual proteins), despite the influence of extraction variability on the total protein yields (Saito et al., [@B25]). The data in the present study also emphasizes this distinction, where the variability in total protein recovery (Figure [1](#F1){ref-type="fig"}) showed little relationship to that of the global proteome composition (Figures [3](#F3){ref-type="fig"} and [5](#F5){ref-type="fig"}). This difference reflects the fact that the handling processes that cause losses of total protein are likely distinct from any processes that might enrich or deplete individual proteins from the mixture. While future studies are needed to examine the potential fractionation of proteins in extraction protocols and to optimize their efficacy, these goals are distinct from our focus on preservative effectiveness here.

Implications and degradation mechanisms
---------------------------------------

Together, these results demonstrate that RNA*later* is highly effective at preventing degradation of *Synechococcus WH8102* culture biomass at ∼20°C over a duration and temperature range that are comparable to an actual field deployment. Other preservative approaches resulted in greater protein degradation. The potential use of RNA*later* in simultaneously preserving DNA, RNA, and protein is particularly promising, allowing all three analytes to be potentially extracted from a single preserved sample (Ottesen et al., [@B19]). One limitation of this study is that only a single species was used to examine sample preservation, and it remains to be determined if other bacterial and eukaryotic algal species, including natural assemblages, preserve with comparable success. In addition, this study only investigated degradation over 1 month of storage; given the success of RNA*later* in protein preservation, it seems quite likely that longer deployments would be successful and should be investigated. One factor that may be important is the abundance, localization, and types of proteases within each organism. RNA*later* contains an organic metal chelating molecule that is known to deactivate metalloproteases by sequestering their zinc or cobalt (Huston et al., [@B10]), and the presence of this ingredient likely contributed to the preservation capability. The ethanol treatment also contained the organic metal chelator EDTA (1 mM, Table [1](#T1){ref-type="table"}), yet this treatment did not show similar preservative properties, perhaps due to difficulties of metal chelation within this solvent. Marine *Synechococcus* has a significant complement of enzymes with proteolytic activity: the genome of WH8102 has 19 proteases and 26 peptidases (see text footnote 4), and extracellular proteolytic activity has been measured in marine *Synechococcus* strain WH7803 (Martinez and Azam, [@B15]). While these enzymes are likely involved in numerous cellular processes such as organic nitrogen acquisition and protein localization, they could contribute to protein degradation during storage and processing. The high salt content of the RNA*later* likely also contributes to the protein preservation capabilities of the preservative. High salt solutions are commonly used to precipitate proteins and also dehydrates cells, likely also inhibiting proteolytic activity. Additional experimentation with protease inhibitors could also improve recoveries.

Conclusion
==========

This study demonstrates successful proteome preservation of marine *Synechococcus* WH8102, a representative of one of the highly abundant marine cyanobacteria in the oceans. If this level of preservation can be achieved with other bacterial, archaeal, and eukaryotic microbes, autonomous remote sampling of the marine water column microbial community without freezing appears to be a tractable goal.
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